To counteract the lethal acid stress, bacteria explore such strategies as cytoplasmic decarboxylase-catalyzed proton consumption and periplasmic chaperone-assisted protein refolding. Here, we report a periplasmic protease-mediated acid resistance mechanism in Escherichia coli. Deletion of the protease gene degP dramatically decreases the viability of late log or early stationary phase cells against the extreme acid stress (pH 2.3), which can only be minimally rescued by complementary expression of the protease-deficient DegP(S210A) mutant protein. Similarly, DegQ, a homolog of DegP, also contributes to the bacterial acid resistance, but SurA as an important periplasmic chaperone hardly exhibits protection effect. In vitro studies reveal that DegP completely loses its protease activity under acidic condition but is able to partially reactivate upon neutralization. Importantly, we demonstrate the interaction of DegP with typical cellular substrate proteins in cells during acid stress and/or recovery stages by using unnatural amino acid-mediated in vivo photo-crosslinking, as well as the degradation of periplasmic proteins by DegP during recovery after acidic denaturation. These data illustrate the role of DegP in bacterial acid resistance conceivably via degrading those acid-induced misfolded proteins. Our findings, together with earlier reports, suggest a comprehensive acid resistance strategy adopted by bacteria such that in the ATP-deficient extracytoplasm, the inevitable misfolded proteins induced by acid stress are refolded by a chaperone (e.g., HdeA/HdeB) and/or cleaved by a protease (e.g., DegP/DegQ) while in the cytoplasm excessive protons are directly consumed or exported.
Introduction
Bacteria are often exposed to a wide array of environmental stresses such as UV irradiation, heat shock, low pH, oxidative stress, and osmotic shock. Through evolution, bacteria have developed protective mechanisms to resist these threats. As an excellent example, enteric bacteria, including pathogenic species (e.g., the disease-causing Escherichia coli strains O157: H7 and O104:H4 [1] ), are able to survive for a few hours in the extremely acidic human stomach (pH <3) via several antiacid strategies [2] [3] [4] [5] [6] [7] , although most bacteria in the diet are killed in the stomach by such an extreme acidity [8, 9] .
The mechanisms underlying bacterial acid resistance have been extensively investigated, with the following discoveries reported. First, the cytoplasmic decarboxylase for glutamate, arginine, lysine, or ornithine consumes one proton each time it catalyzes the conversion of a substrate amino acid into its respective amine and thus helps to resist the increase of proton concentration in the cytoplasm [2, 10] . Second, the F 1 F o -ATPase extrudes protons from the cytoplasm at the expense of ATP [11, 12] . Third, the proton permeability of the cellular membrane is lowered, which is achieved by altering the phospholipid composition of the plasma membrane [13, 14] , and in particular, acidophilic bacteria that normally live in highly acidic habitats [4] as well as acid-resistant bacteria (such as E. coli) cells [10] can even reverse their cytoplasmic membrane potential. Fourth, in the periplasmic space of enteric Gram-negative bacteria, molecular chaperones HdeA and HdeB prevent protein aggregation under acidic conditions and subsequently assist protein refolding upon return to neutral conditions [2, [15] [16] [17] [18] [19] .
In addition to these findings, a recent systems biology study revealed that the two-component system regulator OmpR is responsible for controlling a major component of the transcriptional program after acid exposure, such that the lack of OmpR led to one of the most acid-sensitive phenotypes observed to date [20] . Another study reported that small RNA molecules DsrA, RprA, and ArcZ enhance the acid resistance of E. coli in a RpoS-dependent manner [21] , with the RpoS protein being well-known for its role in bacterial acid resistance in general [3] . Interestingly, the glutamine to glutamate conversion as catalyzed by the glutaminase was recently found to contribute to acid resistance via the production of free ammonia for directly neutralizing intracellular protons [22] .
A comprehensive and mechanistic understanding of bacterial acid resistance is of significance for effective therapeutic interventions and preventions. At present, our understanding of these mechanisms remains far from clear. Here, we report that the quality control factor DegP [23] indeed primarily acts as a protease in the acid resistance of E. coli cells. In particular, although it is inactivated as a protease under acidic conditions, DegP is able to spontaneously reactivate upon returning to a neutral pH condition and thus effectively degrade the acid-denatured proteins. Our findings not only shed new light on the molecular mechanisms of bacterial acid resistance but also expand our knowledge of the physiological functions of DegP.
Results
The DegP protease function is critical for the acid resistance of E. coli cells
In our previous study [24] , we observed that the acid stress chaperone HdeA captures the periplasmic protease/chaperone DegP in cells under acid stress and that, under in vitro conditions, DegP(S210A) (a protease-defective form of DegP) is able to further enhance the capacity of HdeA to refold the aciddenatured substrate proteins upon neutralization. This study raises a possibility that DegP is involved in bacterial acid resistance. The present study is aiming to prove this and unravel the mechanism.
We first performed genetic studies to determine whether DegP is involved in the acid resistance of E. coli cells. Before doing that, we observed that the wild-type E. coli cells in the exponential phase were far more labile to extreme acid stress (pH 2.3), than cells of the early (i.e., 1 h after reaching an OD 600 of 1.6) or late (over night cultured) stationary phase (Fig. 1A) . These results are in line with the general observation that acid resistance of certain bacterial cells is dramatically increased at stationary phase and in an rpoS-dependent manner [3, 25] . At an OD 600 of approximately 1.6, the cells showed a moderate sensitivity toward acid treatments (Fig. 1A) and were thus chosen for our comparative studies under different genetic backgrounds.
We observed that the ΔdegP cells had a dramatically reduced viability after exposure to the extreme acid stress for 0.5 h (Fig. 1B ) or 2 h (Fig. 1C) , with the viability level being as low as that of the ΔhdeA cells. As a control, the complementary expression of DegP effectively recovered the viability of the ΔdegP cells to a level comparable to that of the wild-type cells (Fig. 1B,C) . Consistent with these observations, the regrowth of the ΔdegP cells after the 2-h acid stress exposure was found to be much slower than that of the wild-type cells or the ΔdegP + DegP cells (Fig. 1D) , apparently due to the fact that many more of the ΔdegP cells were killed by the acid stress (Fig. 1C) .
Given that DegP has been reported to exhibit both protease and chaperone activities under in vitro conditions [23] , we next examined the effect of the protease-deficient DegP(S210A) mutant protein (whose presumed chaperone activity should not be affected) in (Fig. 1E) . Meanwhile, the HdeA protein, being undetectable in the ΔhdeA cell, was validated to be expressed at comparative levels in all other types of cells (Fig. 1E ).
In addition, DegQ, a DegP-like protease in Gramnegative bacteria [26, 27] , was reported to contribute to the resistance of E. coli cells against mild acid stress (around pH 5.5) [28] . In line with this observation, we found that DegQ did exert a significant protective effect to the late log phase E. coli cells (at an OD 600 of 1.6; data not shown) or the early stationary phase cells, against an extreme acid stress condition (pH 2.3), but to a weaker degree than that of DegP (Fig. 1F) . Nevertheless, neither DegP nor DegQ exhibited a protective effect against the extreme acid stress for the late stationary phase cells (Fig. S1 ). Lastly, we found there is no significant difference between the survival ratios of ΔsurA and wild-type cells (Fig. 1G) , with the survival ratio of ΔhdeA being significantly lower than that of wild-type (P = 0.00005). This result indicates that, SurA, an important periplasmic chaperone [29] , does not contribute to the bacterial acid resistance, although we previously reported that SurA, similarly to DegP, interacts with HdeA under acidic stress condition and enhances the capacity of HdeA to refold the acid-denatured substrate proteins upon neutralization [24] .
The DegP protease activity is completely lost under acidic condition but substantially restored after neutralization
The contribution of the DegP protease function to the cell viability against acid stress, as described above, is accomplished accordingly during the acid stress and/or during the recovery/regrowth stage. These two scenarios, however, are difficult to be separated and investigated in cells. To distinguish them, we purified the DegP protein and examined the effect of acid treatment on its protease activity under in vitro conditions. We first confirmed that the purified DegP protein is able to effectively degrade the commonly used model substrate protein b-casein [23] under neutral conditions (Fig. S2) . Then, we treated DegP under the acidic condition of pH 2.3 for half an hour before incubating with b-casein, and found that b-casein was almost intact (lane 2, Fig. 2A ). This is in contrast to the full degradation of b-casein after incubation with untreated DegP under neutral condition (lane 1, Fig. 2A ). This result indicates that the protease activity of DegP was almost lost under acidic condition, in line with the general view that proteins (particularly enzymes) are usually unfolded and inactivated under acidic conditions [30] .
We next examined whether such acid-inactivated DegP is able to restore its protease activity upon neutralization. Results presented in Fig. 2B indicate that upon neutralization to different pH values the acidinactivated DegP is able to degrade b-casein to different extents (lanes 3-6), indicating that it reactivates in a pH-dependent manner upon neutralization. It appears that pH 4.0 is the critical point for the effective reactivation of the acid-inactivated DegP (lane 3 vs lane 1 in Fig. 2B ). To quantify the efficiency of ), which was treated at pH 2.3 for indicated time (lanes 1-8) or neutralized for indicated time after the acid treatment for 0.5 h (lanes 9-20). The sample was centrifuged, with the supernatant (S) and pellet (P) fractions being analyzed by SDS/PAGE. The DegP band with a smaller size in panels A, B, and F represents its auto-cleavage product (indicated by DegP*; refer to [34] ). (G) Tricine SDS/PAGE analysis of the mixture of lysozyme-derived peptide 18-58 (100 lM) and DegP (2.8 lM) after incubation for indicated time in neutral (lanes 3-5), acidic buffers (lanes 6 and 7) or after recovery after 30-min acidic treatment (lanes 8 and 9). (H) Time-dependent light absorbance (at 405 nm) of peptide SPMFKGV-pNA (500 lM) upon incubation with DegP (1.7 lM) in neutral, acidic buffers or upon recovery after 30-min acidic treatment. such reactivation, we used the FITC-labeled b-casein as the substrate protein (here, the fluorescence intensity of FITC would increase upon b-casein degradation [31] ) and demonstrated that the acid-inactivated DegP could regain about one-third of its initial protease activity after neutralization to pH 7.0 (Fig. 2C ).
In line with these protease activity changes, Far-UV CD spectroscopy analysis revealed that the native secondary structure of the purified DegP protein was significantly disrupted under acidic conditions (Fig. 2D) , with lower pH having higher unfolding effects. Furthermore, we observed that the acid-unfolded DegP (incubated at pH 2.3 for half an hour) only partially restored its native secondary structures after neutralization to different pHs (Fig. 2E ). In addition, protein aggregation assay revealed that DegP did not aggregate under acidic condition (pH 2.3) (lanes 2, 4, 6, and 8, Fig. 2F ) but partially aggregated upon neutralization (lane 10). Notably, such DegP aggregates seem to be partially solubilized along further recovery (lanes 16, 14, and 12 vs lane 10, Fig. 2F ) and even fully become soluble after recovery for 50 min (lane 20). These aggregation assay results are consistent with our earlier light scattering analysis data (refer to Fig. 3b in ref. [24] ). Together, these observations indicate that the unfolded/inactivated DegP under acidic condition is able to spontaneously, at least partially, refold/reactivate after returning to neutral condition.
It may be argued that no degradation of the substrate protein b-casein by DegP under acidic conditions is due to its formation of large protein aggregates that are not accessible to DegP, instead of due to the inactivation of DegP as a protease. To rule out this possibility, we assayed two peptides as DegP's substrates. One is a 41-amino acids fragment comprising lysozyme residues 18-58 (with the cysteines mutated to serines) as identified by Sauer and coworkers [32] , with its degradation being monitored by SDS/ PAGE. The other is a para-nitroaniline (pNA)-based peptide (i.e., SPMFKGV-pNA) that is the most effective substrate of DegP among 14 peptides and shows an increase in light absorbance at 405 nm upon degradation [33] . Results presented in Fig. 2G show that lysozyme-derived peptide 18-58 was degraded by DegP under neutral condition (lane 5 vs lane 2) or during recovery (lane 9 vs lane 2) but not under acidic condition (lane 7 vs lane 2). It should be pointed out that peptide 18-58 does not form aggregates under acidic condition (data not shown). Similarly, we observed light absorbance increase of the mixture of DegP and SPMFKGV-pNA under neutral condition (or during recovery) but not under the acidic condition (Fig. 2H) .
Together, these results demonstrate that DegP completely loses its protease activity under acidic condition and restores as a protease during recovery.
DegP interacts with periplasmic proteins and outer membrane proteins in the acid-exposed cells
In light of the above observations (Figs 1 and 2) , it is conceivable that the protective role of DegP on cells against the acid stress is accomplished via its protease function in degrading certain cellular proteins during the recover stage. We therefore attempted to probe these cellular proteins in the acid-exposed cells. We hypothesized that these cellular proteins would interact with DegP during acid stress and/or during recovery stage. However, probing protein-protein interaction under extremely acidic conditions (pH 2.3), either in vitro or in vivo, is technically challenging, with most approaches being unsuitable. Nevertheless, as we demonstrated before [24] , the unnatural amino acidmediated in vivo photo-crosslinking remains an effective technique for probing protein-protein interactions in cells under such harsh conditions. Experimentally, we site-specifically incorporated the alkyl diazirinecontaining unnatural amino acid DiZPK (for its detail structure, see ref. [24] ) at a total of 13 positions in the protease domain of DegP (Fig. S3A ). In addition, we utilized the protease-defective DegP(S210A) mutant protein, instead of the DegP wild-type protein, to avoid the potential degradation of the substrate proteins by the DegP protease activity during protein purification process that was performed under neutral pH condition, as implicated from our earlier study [34] or the results presented in Fig. 2B . Indeed, both the wild-type and S210A mutant DegP proteins are able to efficiently form photo-crosslinked products with substrate proteins under acidic conditions (lanes 2 and 5 in Fig. 3A) , thus demonstrating that the S210A mutant protein could serve the purpose ideally.
Among these 13 variant proteins, P170DiZPK-DegP (S210A) and L173DiZPK-DegP(S210A) were highly efficient in forming photo-crosslinked products in cells under both neutral (Fig. S3B ) and acidic pH (lanes 6 and 8, Fig. 3B ) conditions. The photo-crosslinked products of L173DiZPK-DegP(S210A) in E. coli cells, which were cultured at neutral pH condition or treated under acidic condition of pH 2.3 for half an hour (with or without neutralization for 10 min), were purified via Ni-NTA affinity chromatography in the presence of 8 M urea. Such purified products were then probed with antibodies against both typical periplasmic proteins (represented by HdeA, SurA, OppA, MalE, and PhoA) and outer membrane proteins (represented by OmpC and OmpF), with the results being summarized as follows. First, we found that the acid stress chaperone HdeA could be photo-crosslinked with the L173DiZPK DegP (S210A) mutant protein only in cells treated at the acidic pH of 2.3, but neither at the neutral pH of 7 nor after neutralization (lane 4 vs lanes 3 and 5, Fig. 3C ), consistent with our early report that HdeA interacts and protects DegP only in cells treated under acidic condition [24] . Second, we found that SurA, a periplasmic chaperone [29] that was presumed to be involved in bacterial acid resistance [24] , also formed a photo-crosslinked product with DegP in cells at pH 2.3 but neither at pH 7 nor after neutralization (lane 9 vs lanes 8 and 10, Fig. 3C ). Under such acidic conditions, whether SurA acts a chaperone to protect DegP or as a prebound substrate of DegP for future degradation needs to be further clarified.
Moreover, OppA, an oligopeptide-transportation periplasmic protein, was also found to be photocrosslinked with DegP in cells only at pH 2.3 but not at pH 7.0 (lane 14 vs lane 13, Fig. 3C ). Nevertheless, the photo-crosslinked product between the periplasmic maltose-binding protein MalE and DegP was detected in the acid-exposed cells at a high level (lane 19, Fig. 3C ), and also in the untreated cells at a moderate level (lane 18) that is consistent with the fact that MalE was identified as a substrate of DegP in cells cultured under neutral pH conditions we reported earlier [34] . Notably, two types of photo-crosslinked products for MalE were detected, and they most likely represent one molecule of MalE photo-crosslinked with one or two molecules of DegP, according to their molecular size. In contrast, PhoA was found to be efficiently photo-crosslinked with DegP at pH 7.0 (lane 23), with a much lower efficiency at pH 2.3 (lane 24, Fig. 3C ). Lastly, representative b-barrel outer membrane proteins (OMPs) were found to be photo-crosslinked with DegP in cells under both neutral and acid stress conditions (for OmpC, lanes 27-30; for OmpF, lanes 32-35; Fig. 3C ). Intriguingly, upon the acid stress the OmpC-DegP interaction decreased (lane 29 vs lane 28, Fig. 3C ) while the OmpF-DegP interaction increased (lane 34 vs lane 33), with the meaning of such difference meriting further explorations. As a matter of fact, OmpF and OmpC were previously identified as substrate proteins of DegP under neutral pH conditions through either copurification [34, 35] or in vivo photo-crosslinking [34] .
Notably, upon a recovery for 10 min after neutralization, the photo-crosslinked products between DegP and OppA (lane 15 Fig. 3C ). Such DegP-bound proteins being detected after recovery are most likely derived from those bound during the acid treatment, while the decrease in the levels of DegP-bound client proteins upon recovery is likely due to their subsequent release from the DegP protein.
Acid-denatured periplasmic proteins of ΔdegP cells are degraded by DegP in vitro during recovery
The above observations implicate that DegP likely exerts its acid resistance effect by degrading the aciddenatured proteins after the acid-exposed cells are returned to a neutral pH condition. To test this, we examined whether DegP is able to degrade the acidtreated periplasmic proteins after neutralization. First, we found that upon acid stress treatment for 60 and 120 min, more periplasmic proteins were released from the DdegP cells (lanes 16 and 18, Fig. S4 ) than from the wild-type (lanes 6 and 8) and DdegP + DegP cells (lanes 22 and 24) , indicating that the lack of DegP may interfere the integrity of cell envelope, which, in turn, makes the periplasmic proteins more easily to be released.
Then, we examined whether DegP is able to degrade the released periplasmic proteins upon in vitro acid treatment. To this end, the periplasmic proteins of the DdegP cells, as extracted by osmotic shock treatment, were mixed with the purified DegP protein at different mass ratios, coincubated under the acidic condition for 30 min, returned to the neutral pH condition, and further recovered for 30 or 60 min. The results shown in Fig. 4A demonstrate that DegP is unable to degrade the periplasmic proteins under the acidic condition (lanes 6 vs 5), presumably due to the acid-induced inactivation of DegP as described above (Fig. 2) . Nevertheless, DegP is able to significantly degrade the periplasmic proteins after neutralization (lanes 7 
Discussion
Microorganisms employ a variety of acid resistance strategies [7] , which include: (a) directly sequestering intracellular protons either by decarboxylase-catalyzed consumption of protons [4, 10] or ammonia generation [22] ; (b) pumping protons out of the cell via the F 1 F oATPase [11, 12] ; (c) lowering the influx of protons through the cellular membrane [4, 10] ; and (d) repairing or preventing the acid-induced aggregation of proteins via molecular chaperones. These protective mechanisms jointly enable bacteria to maintain their cytoplasmic pH at above 4.5 and thus effectively protect the cytoplasmic proteins [2, 7, 10] .
Here, we report that DegP functions as a protease to protect E. coli cells against acid stress conceivably by degrading misfolded cellular proteins, which provides new insight into understanding the comprehensive mechanisms for enteric bacteria to resist acid stress. In contrast to the more stable cytoplasmic milieu, the extra-cytoplasm of Gram-negative bacteria (including the outer membrane, the periplasm, and the outside surface of the inner membrane) is more vulnerable to acid-induced disruptions because protons can freely diffuse across the outer membrane [36] . More importantly, ATP is not available in the extracytoplasm [37] , such that any energy-consuming acid resistance systems cannot work therein. It follows that acid-induced protein unfolding/aggregation is inevitable in the extra-cytoplasm under extremely acidic conditions (pH <3). Not surprisingly, the major acid resistance chaperones HdeA/HdeB in the periplasm are able to facilitate the refolding of acid-denatured proteins [2, [16] [17] [18] [19] 24] . Nevertheless, not all acid-denatured proteins can fully refold, and some tend to misfold and thus must be removed by proteases such as DegP and DegQ, given that misfolded OMPs and periplasmic proteins are potentially toxic to cells [32, 38, 39] . Notably, it was repeatedly observed that in some bacteria cytoplasmic ATP-dependent proteases such as Clp, ClpE, and ClpL were reported to be upregulated upon cell exposure to acid stress (as reviewed [7] ). Whether these cytoplasmic ATP-dependent proteases, like the periplasmic ATP-independent protease DegP and DegQ, directly contribute to the bacterial acid resistance merits explorations.
Our findings add to the known biological functions of DegP. In retrospect, DegP was initially known for being essential for the growth of E. coli under high temperature conditions [40, 41] . Later, DegP was widely reported to be essential for other organisms (yeast, plant and the pathogen Streptococcus pyogenes) against such stresses as heat shock, light stress or oxidative stress [36] [37] [38] . In addition, DegP has been reported to be a virulence factor in pathogenic bacteria [38, 39, 42] , which might be linked to its acid resistance function as reported here, considering that, after infection, the pathogenic bacteria are often endocytosed into the lysosomes, an acidic subcellular compartment, of the host cells. Mechanistically, although it is inactivated under the acidic condition, DegP is able to partially reactivate, either spontaneously (Fig. 2) or with the help of HdeA as implicated in our previous study [24] . Such a protease activity change pattern for DegP, being inactivated under acidic conditions and reactivated upon neutralization, is apparently different from its behavior during heat shock that DegP fully maintains its protease activity during and after heat shock [23, 34, 43, 44] . Nevertheless, the cleaved proteins by DegP in acid-exposed cells may be in common with that in heat shocked cells, i.e., both including the misfolded b-barrel OMPs and periplasmic proteins, which are potentially toxic to cells [24, 29, 45 ]. In addition, we observed that both DegP and DegQ had little protection effect on the late stationary phase cells (Fig. S1 ) that are themselves relatively resistant to acid stress, most likely due to the rpoS-dependent protection as early reported by others [3, 25] . Such a unique functional pattern of DegP in the acid stress is schematically illustrated in Fig. 5 . Although it is inactive as a protease under acidic condition, DegP is assumed to maintain the ability to bind those acid-denatured substrate proteins. In support of this, we did detect the interaction of DegP with typical periplasmic proteins and b-barrel OMPs during acid stress (Fig. 3) . During the recovery stage, DegP partially regains its protease activity and thus is able to degrade the misfolded substrate proteins, which may include, at least, the misfolded periplasmic proteins as implicated in Fig. 4 . In light of the similar pattern between SurA and HdeA in interacting with DegP upon acid stress (lanes 4 and 9, Fig. 3 ) and upon recovery (lane 5 and 10), we propose that SurA may, like HdeA, act as a chaperone for DegP under acidic condition. Nevertheless, we could not rule out the possibility that SurA is a substrate of DegP, given that it itself is partially aggregated upon acid stress in vitro and in vivo as we reported earlier [24] .
Outstanding unresolved issues regarding the protease function and action mechanism of DegP for bacteria acid resistance include the following. (a) Although a few periplasmic proteins and OMPs were found to interact with DegP during acid stress and recovery stage (Fig. 3) , full profiling of its cellular substrate proteins awaits further proteomic analysis. (b) Also, it is unknown whether DegP forms cage-like assemblies when degrading the acid-denatured proteins as it does toward other types of stress conditions as reported by us and others [46, 47] . (c) The mechanism through which DegP, as a protease, and HdeA/HdeB, as chaperones, work together to determine the fate (i.e., degradation or refolding) of the acid-denatured proteins remains to be elucidated.
Experimental procedures
Bacterial strains, plasmids, and antibodies
The E. coli K12 wild-type strain (BW25113) as well as the ΔdegP, ΔhdeA, and ΔdegQ strains (with kanamycin resistance) were all obtained from the Nara Institute of Science and Technology in Japan. The plasmids pBAD/Myc-His (Invitrogen) encoding the His-tagged forms of DegP, DegP (S210A) and the plasmid pSUPAR-Mb-DiZPK-RS encoding tRNA DiZPK and DiZPK-tRNA synthetase (for incorporating the unnatural amino acid DiZPK) had been constructed by us as we reported previously [24, 48] . In brief, the gene encoding DegP was amplified by PCR and then cloned into the plasmid pBAD/Myc-His (Invitrogen). Afterward, site-directed mutagenesis was performed by using a mutagenesis kit from Transgen Biotechnology Inc. (Beijing, China) to obtain plasmids for expressing DegPS210A other DegP variants (e.g., DiZPK variant proteins of DegP(S210A) or DegP), according to the manufacturer's instruction.
Cell survival assay
All strains were cultured over night at 37°C in LuriaBertani (LB) medium and subcultured in fresh LB medium after a 400-fold dilution, with the complementarily expressed DegP or DegP(S210A) being induced by 0.0001% L-arabinose for 2 h (started when the cell density reached an optical density at 600 nm (OD 600 ) of 0.6; all types of cells were incubated with L-arabinose). These cells (at an OD 600 of~1.6) as well as other exponential and stationary phase cells were diluted 1000-fold in the acidified LB medium (pH 2.3, adjusted with HCl) and incubated at 37°C for 0.5 or 2 h before cell viability was analyzed by counting the colony-forming units. To this end, cells were diluted 10, 100, 1000, or 10 000-fold, and 10 lL of each suspension was spotted on dishes containing solid LB medium and cultured over night at 37°C. In addition, the cells, after being treated at pH 2.3 for 2 h, were diluted 100-fold in normal LB medium and recultured at 37°C, with the cell density being measured at different time points.
In vitro protease activity assay
DegP was purified using an Ni-NTA agarose column (GE Healthcare) as we described previously [34] . , and the protein mixtures were immediately subjected to time-dependent fluorescence measurement on a Hitachi F4500 fluorescence spectrophotometer (the excitation and emission wavelengths being 495 and 525 nm, respectively), during which the fluorescence intensity of FITC would increase upon degradation of b-casein as previously reported [31] . In addition, two DegP substrate peptides were synthesized (by DgPeptides Co, Ltd., Hangzhou City, China) as lysozyme-derived peptide 18-58 (DNYRGYSLGNWV-SAAKFESNFNTQATNRNTDGSTDYGILQI) and SPMFKGV-pNA, according to earlier reports [32, 33] . DegP and peptide 18-58 were mixed in neutral buffer (10 mM sodium phosphate, pH 7.4) or in buffer A for varying length of time. Neutralization was achieved by adding 1.33 volume of 0.5 M sodium phosphate buffer (pH 8). Degradation of Peptide 18-58 was monitored by using 16.5% Tricine SDS/PAGE (visualized by Coomassie blue staining). DegP and peptide SPMFKGV-pNA were treated similarly using above buffers in a 96-well plate, with timedependent light absorbance at 405 nm being monitored on a Synergy plate reader (BioTek).
In vitro degradation of periplasmic proteins by DegP
The periplasmic proteins of E. coli DdegP cells (at a final concentration of 1 mgÁmL À1 ), as extracted by osmotic shock according to our previously reported protocol [49], were coincubated with DegP (at a final concentration of 0.5, 1.0, or 2.0 mgÁmL À1 ) in buffer A for 0.5 h before neutralization to pH 7.0. After further incubation for 30 or 60 min, the protein mixtures were subjected to SDS/PAGE analysis (visualized by Coomassie blue staining).
Far-UV Circular Dichroism (CD) spectroscopy
The purified DegP protein was treated with buffer A (pH 2.3) and neutralized as described above, and recovered for half an hour before subjected to Far-UV CD spectroscopy analysis on the J-715-150L spectrometer (Jasco, Japan) at a final concentration of 0.2 mgÁmL À1 .
Protein-protein interaction probed by in vivo photo-crosslinking
In vivo photo-crosslinking was performed as we previously described [34] . Briefly, the ΔdegP cells complementarily expressing the His-tagged L173DiZPK DegP(S210A) mutant protein were cultured in LB broth at 37°C to an OD 600 of 0.6 and induced to express the L173DiZPK DegP(S210A) protein by addition of the inducer L-arabinose (to 0.02%) and DiZPK (at a final concentration of 1 mM). The cells were further incubated for 1 h and treated with the acid stress (pH 2.3, 0.5 h), with or without neutralization for 10 min, before subjected to UV irradiation at 365 nm for 5 min in a 6-well cell culture dish on ice using a Hoefer UVC-500 crosslinker (Amersham Biosciences). Cells were lysed in buffer (50 mM NaH 2 PO 4 and 50 mM NaCl, pH 7.5, 8 M urea) with a high pressure homogenizer (JN-30C, JNBio Inc). Cell lysates were centrifuged at 10 000 g for 10 min and the supernatant was then subjected to Ni-NTA affinity chromatography to purify the photo-crosslinked products, with elution buffer also containing 8 M urea. Purified proteins were dialyzed before SDS/ PAGE separation and western blotting.
Immunoblotting analysis
The sources and working dilutions of the primary antibodies against His-tag, DegP, OmpF, OmpC, EF-Tu, HdeA, SurA, OppA, PhoA, and MalE, and of the secondary antibodies used in this study are listed in Table S1 . 
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